Summary. This is the first scanning electron microscopic demonstration of the three-dimensional architecture and detailed surface structures of the entire osseous labyrinth of the cochlea. Mouse cochleae were observed after dissolving the soft tissues with KOH and NaOCI solutions.
Summary. This is the first scanning electron microscopic demonstration of the three-dimensional architecture and detailed surface structures of the entire osseous labyrinth of the cochlea. Mouse cochleae were observed after dissolving the soft tissues with KOH and NaOCI solutions.
The precise shapes, surface structures, and orientations of the primary osseous spiral lamina and secondary osseous spiral lamina in the cochlea were observed along their entire course from the hook at the base to the helicotrema at the apex. The primary osseous spiral lamina showed three half turns after the hook; the lengths of the hook and each half turn and the slope angle of the spiral were obtained. The widths of the primary and secondary spiral laminae and the spiral fissure for the basilar membrane between the free edges of the two spiral laminae were measured along the course of the cochlear duct. The surface of the lateral wall under the stria vascularis was also viewed.
Scanning electron microscopy can provide more precise microanatomical data than has been previously available for the osseous cochlea, giving a better understanding of hearing mechanisms with regard to the width, support, and movement of the basilar membrane and the functions of various components of the cochlea.
Ultrastructures
of the inner ear have been extensively studied by transmission (TEM) and scanning electron microscopy (SEM). SEM has been employed mainly to examine the three-dimensional structures of the soft tissue components in the inner ear, concentrating attention on the organ of Corti in relation to the auditory functions (LIM, 1986) . The soft tissues of the inner ear are supported by the osseous labyrinth, the skeleton of the inner ear, whose fine structures are also closely related to the functional significance of the inner ear. SEM is of great benefit to study the complex three-dimensional organization of the osseous labyrinth.
In previous SEM studies of the osseous labyrinth, its bone surfaces could be exposed for SEM after macerating organic materials with macerating solutions, such as KOH, NaOH, papain, and NaOCl solutions (BOYDE and HOBDELL, 1969; FLEISCHER, 1976; ANDERSON and DANYLCHUK, 1977; ABE et al., 1983) , but successful results seem to have been only those observations of small parts of the dolphin osseous labyrinth (FLEISCHER, 1976) . In this study we aim at a more extensive visualization of the three-dimensional architecture and surface structures using the mouse osseous labyrinth. An attempt is also made to obtain some quantitative data on the dimensions of the osseous labyrinth using the SEM images. The present results hopefully will provide basic data for the understanding of the relationships between the bone structures, anchoring the connective tissue elements, as well as the hearing function.
MATERIALS AND METHODS
Adult dd-mice of both sexes were used. The animals were killed at 60-120 days of age and the temporal bones were removed. After dissecting the adherent muscles, the bones were immersed in 5% KOH for 2h and 6% NaOCI for 2-3 min to macerate organic materials. Under a dissection microscope, in the NaOC1 solution, the osseous labyrinth was exposed from various directions by using drills and needles. The specimens were then washed, dehydrated with acetone, air dried, attached to aluminum stubs, coated with platinum-paladium in an ion-coater, and observed by SEM.
Measurement of the cochlea
To ascertain the size of the cochlea, the short and long diameters of the cochlear base and the height from the basal end of the osseous spiral lamina to the apex of the cochlea were measured.
The length of the free edge of the primary osseous spiral lamina was obtained as the sum of the lengths of the hook and spiral. The length of the hook was calculated from the height in the lateral image and the length in the upper view image. The length of the spiral was calculated from the length of the free edge of the primary osseous spiral lamina in the top-view image of the modiolus and the slope angle of the osseous spiral lamina. The angle was obtained from the side-view image of the modiolus. The widths of the primary and secondary osseous spiral laminae were measured along the entire spiral of the cochlear canal at points dividing every half turn of the primary osseous spiral lamina into 6 arcs.
For measurement of each element, 5 to 13 cochleae were utilized.
RESULTS
For convenience of description, the right cochlea will be dealt with in the following text and illustrations.
General orientation of the cochlea
Removal of the bulla and ossicles from the temporal bone exposed the infero-lateral covering of the osseous labyrinth (Fig. la) . The covering protruded in a dome-like fashion with the oval window on the inferior side, the round window on the lateral side, and a small spike above the cochlear apex which was situated anteriorly in the bone (Fig. la, b) . By removing the covering, the vestibule and cochlear canal were visualized ( Fig. lb-d ). Behind the oval window was the vestibule which was an ovoid cavity inferomedially communicating with the internal aperture of the cochlear canal (Fig, lb) . The cochlear canal wound one and a half turns around the modiolus, counterclockwise from the base to the top, forming a conical spiral with the axis directed antero-inf eriorly (Figs. 1, 2a) .
The cochlear canal was incompletely divided into two passages, the scala vestibule and scala tympani, by the primary osseous spiral lamina which projected laterally from the modiolus and the secondary one which projected medially from the outer wall and ran parallel to the primary lamina; between the two osseous laminae a spiral fissure was visible (Figs. 1,  2) . The scala vestibuli, situated anteriorly in the canal, was connected to the vestibule through the internal aperture of the canal at the inferior base of the cochlea, and communicated with the scala tympani through the helicotrema in the cupula (Figs. lb, d, 2b) . The basal end of the scala tympani possessed the round window opening inf eriorly (Figs. 1, 2d, 3b) . The superior margin of the internal aperture of the cochlear canal formed a well-defined ridge bordering the smooth-surfaced wall of the scala vestibuli and the rough surface of the spherical recess of the vestibule (Fig. 2d , e). The bone on the spherical recess along the superior margin of the internal aperture of the cochlear canal showed irregularly serrated projections from the cochlear side, covering the cribriform pores for the passage of the nervus saccularis (Fig. 2e) . The cavity for the ampulla of the posterior semicircular canal lay underneath the floor of the scala tympani behind the round window (Fig. 3 ).
Osseous spiral lamina
The beginning of the primary and secondary osseous laminae was located behind the round window, and formed the hook which arched according to the curve of the medial and anterior margin of the round window and separated the scala tympani from the vestibule (Figs. lb, c, 2d) . After leaving the hook, the primary lamina was elevated towards the helicotrema keeping a constant slope angle while winding around the modiolus (Figs. 1, 2). At the boundary of the helicotrema, the primary lamina formed a sickle-shaped free end, the hamulus (Fig. 2a, b ).
Primary osseous spiral lamina The free edge of the primary osseous lamina was sharp and constantly curved (Figs. 1, 2). The surface of the primary lamina on the scala vestibule side was The rough area differed in appearance between the inner and outer surfaces (Figs. 2, 4 ., 5a). The inner half consisted of an accumulation of oval and round lacunae, 4 to 11 um wide separated by thin granular septa, showing an irregular honeycomb-like appearance (Fig. 5a) . Openings of the vascular canals were scattered in this area (Figs. 4, 5a ). This area was transformed into the outer rough area of a relatively even but finely granulated surface (Fig. 5a) .
The surface of the outer half was perforated by habenular openings for the passage of the nerves from the spiral ganglion (Fig. 5a ). The habenular openings lined up in one row along the free margin of the osseous lamina (Figs. 2, 4, 5) . The openings were ovoid (Fig. 5a ), about 7un wide and 12um long, and about 12um distant from the free margin of the lamina; they were arranged in a period of about 8um. The openings were thus separated by thin septa in the hook and first basal half turn (Fig. 4a) . The openings were then fused to each other and, after about a SR spherical recess, double arrow free margin of the pOSL. x160 three-quarter turn from the base, formed an irregular fissure (Fig. 4b) . The fissure grew wider toward the apex, separating the free margin of the lamina near the hamulus into two thin leaves with irregular edges, forming a 20-35um wide gap (Figs. 2, 4c) .
The total number of the habenular openings along the entire osseous lamina was 525, as calculated from the total length of the margin of the lamina and the periodicity of the openings.
Secondary osseous spiral lamina The secondary osseous lamina was narrower than the primary one and decreased in width from the base to the apex of the spiral; its sharp edge projected inwards (Figs. lb, 2) . The upper surface was rough, due to the presence of finely granulated, minute lamellae with jagged edges, projecting obliquely toward the scala vestibuli, arranged parallel to the free margin, and forming fine, elongated indentations (Figs. 2c, 5b) .
The upper surface of the secondary lamina was penetrated by vascular openings, 10-20um in diameter, lining up in one row at about 50um periodicity (Figs. 2c, 5b) . The openings were seen from the base up to the beginning of the apical quarter turn, where the vascular canals in the bone were exposed as grooves (Fig. 2) . The above-mentioned jagged surface was seen on the area medial to the line of the vascular openings (Fig. 5b) . The area lateral to the vascular openings was almost constant in width to the last quarter turn (Fig. 2a, c) .
Spiral fissure
The spiral fissure wound together with the primary and secondary laminae (Figs. 1, 2) . At the basal end of the hook, the free edges of the primary and secondary laminae joined each other, closing the fissure between them (Figs. 2d, 3b) . The basal end of the fissure was surrounded with a rough surface which was continuous with the upper surface of the primary and secondary laminae (Fig. 2d ).
Lateral wall under the stria vascularis
The upper surface of the secondary lamina continued to the rough surface of the lateral wall of the scala vestibuli (Figs. 2c, 5b) . The lateral wall surface under the stria vascularis revealed a fine network of smooth, rounded ridges generally running in a longitudinal direction and leaving shallow indentations (Fig. 5b) . This area was clearly demarcated from the smooth surface of the upper wall of the scala vestibuli and extended to the wall between the two windows (Fig.  3a) .
Wall of the scala tympani
The wall of the scala tympani, including the lower surface of the primary lamina facing the scala tympani, was smooth (Fig. 3b) . The surface of the primary lamina possessed furrows and holes for vasculatures. This surface at the hamulus was irregularly lacerated, exposing the cavity for the spiral ganglion (Fig. ld) . At the basal end of the scala tympani, the floor was elevated forming a saddle-shaped protrusion which joined to the inner wall, being surrounded with a groove (Figs. lc, 3b) . The surfaces of the saddleshaped protrusion and the groove were rough. The protrusion covered the passage for the nervus ampullaris posterior, forming the ceiling of the posterior ampulla (Fig. 3c ). There was a round opening for the cochlear canaliculus in the floor behind the medial edge of the round window (Fig. la, c) .
Measurements of the cochlea (Figs. 6, 7)
The short and long diameters of the cochlea were 1.1 mm and 1.4mm respectively, and the height averaged 1.4mm. The length of the free edge of the primary lamina from the basal end of the hook to the apical end of the hamulus measured 4.2+0.3 mm; the hook, and the first, second, and third half turns of the spiral occupied in turn 18%, 34%, 29% and 19% of the total length. The slope angle of the spiral was 12.
The values of the following measurements were addressed along the free edge of the primary osseous lamina.
The width of the cochlear spiral canal was 600jim in the hook, then decreased to about 400 um in the first half turn of the spiral, and was then almost constant from the end of the first half turn to the apex. The width of the primary lamina was about 400 um at the base, with alterations corresponding to changes in the width of the spiral cochlear canal; it was about 200um at the apex. The outer rough area of the primary lamina measured about 200um in width at the beginning and display an almost constant width until the beginning of the third half turn where it decreased markedly. The width of the secondary osseous lamina measured about 100um in the hook, narrowing gradually along its course to ultimately disappear at the apex. The width of the spiral fissure between the primary and secondary laminae increased markedly in the hook, was constant in the first and second half turns and increased again sharply in the third half turn. Its values varied from 50um at the base to 260um at the apex, being 130um in the first and second half turns.
DISCUSSION
This is the first SEM demonstration of the entire osseous cochlea. The three-dimensional anatomy of the cochlea has been studied by various methods such as microdissection, observation of casts (JOHNSSON and HAWKINS, 1967; ANSON and DONALDSON, 1973; KANNEL et al., 1982) , and reconstruction from serial sections for light microscopy (SCHUKNECHT, 1953; WOLFF et al., 1957) . SEM has also been extensively used to study the three-dimensional structures of the cochlea in various animals, especially focusing on the organ of Corti (BREDBERG et al., 1972; LIM, 1969 LIM, , 1986 , but SEM of the osseous cochlear labyrinth has been available only in the dolphin (FLEISCHER, 1976) . The dolphin cochlea, however, is too large to obtain an overall view of the cochlea under SEM and needs the elaborate microdissection of the soft tissues for a clear view; only small parts of the primary and secondary osseous laminae have been demonstrated (FLEISCHER, 1976) . In contrast, the mouse cochlea, used in this study, is suitably small to study its microanatomy by SEM both in overview and in details. In particular, clearly shown are the details of the hook and apical region and the openings for nerves and vessels which have not been directly observed in previous studies.
The primary and secondary osseous laminae support the basilar membrane with the organ of Corti and the connective tissue of the spiral limbus including the auditory teeth. On these two laminae, we found especially rough surfaces which resemble the site of the attachment of Sharpey fibers (BoYDE and JONES, 1968; JONES and BOYDE, 1974) . According to IURATO's observations by polarized-light microscopy (IURATO, 1962 (IURATO, , 1967 ) the thick limbal connective tissue lying on the inner rough area of the primary osseous lamina contains transversely and vertically of oriented fibers. The vertical fibers extend from the auditory teeth to the surface of the primary lamina. Thus, the vertical fibers are believed to protrude in bundles into the lacunae of the inner rough area, maintaining the stability of the auditory teeth supporting the interdental cells. However, the transverse fibers run parallel to the bone surface in the deep part of the limbus to the basilar membrane and spiral ligament on the secondary lamina (IURATO, 1962 (IURATO, , 1967 . The direction of the mineralized lamellae on the secondary lamina corresponds to the direction of the fibers which continue in the basilar membrane. This indicates the firm insertion of the fibers to the secondary lamina to support the basilar membrane.
The spiral fissure between the two osseous laminae is closed by the basilar membrane, and the width of the fissure indicates the width of the membrane. Despite an increase in width of the spiral fissure, it is believed that the membrane in the apical half turn is narrower than the fissure, because the apical turn showed the primary lamina devoid of the bone with habenular openings, suggesting that the tympanic lip of the spiral lamina consists of a soft tissue lamina. Although the width of the basilar membrane has been believed to increase continuously from the base to the apex (GUILD, 1927; WEVER, 1938; EHRET and FRAN-KENREITER, 1977; CABEZUDO, 1978; BOHNE and CARR, 1979) , our study suggests that the width of the basilar membrane is almost constant along the cochlear duct except for the very basal regions.
The basilar membrane provides for the vibrating mechanism of the cochlea in response to sound waves. The vibratory pattern of the basilar membrane varies along its course due to the continuous decrease in the stiffness of the membrane from the basal to the apical end of the cochlear duct (BEKESY, 1960) . In general, the stiffness gradient is considered to depend on the differences in the width and thickness of the membrane and also in the number and thickness of the fibers in the membrane (BEKESY, 1960; CABEZUDO, 1978) . As mentioned above, the measurements of the spiral fissure suggest that the basilar membrane in mice is almost constant in width. Therefore, the stiffness gradient of the membrane may be mainly attributed to changes in the organization of fibers in the membrane. As measured, the width of the secondary lamina, which is thought to support the fibers of the basilar membrane, linearly decreases from the base to the apex, suggesting a linear decrease in the amount of the fibers. From this study, a model with the basilar membrane of a constant width and a constantly decreasing thickness, instead of the previous model with a membrane of constant thickness and a constantly increasing width (BEKESY, 1960; STEELE, 1976) , can be proposed in order to understand the basic vibrating mechanics of the basilar membrane.
In general, it is considered that the basilar membrane vibrates with two fixed lines along the edges of the primary and secondary osseous laminae and the vibration of the membrane stimulates the sensory cells of the organ of Corti (DAVIS, 1958; BEKESY, 1960; STEELE, 1976) . However, in the apical half turn, as suggested above, the lamina with habenular openings consists of soft tissue, and, as is generally known, the spiral crest projecting on the lateral wall of the cochlear duct to support the basilar membrane contains no secondary osseous lamina. Thus, the tympanic lip of the primary lamina and the spiral crest possibly vibrate together with the basilar membrane. This means that, in the apical half turn, the vibration of the inner pillar cells which support the inner hair cells differs from that in the other region, because the pillar cells stand on the floor of the soft tissue in the apical half turn while on the bone in the other region. Thus, our findings support the possibility that auditory mechanics in the apical region differ from those in the other region of the cochlea, as recently postulated by JOHNSTONE et al. (1986) .
Habenular openings, giving passage to the nerve fibers for the organ of Corti from the spiral ganglion, were clearly shown. Though the distribution and numerical density of the habenular openings have been controversial in previous literature (RETZIUS, 1884; SPOENDLIN, 1966; BREDBERG, 1968; EHRET and FRANKENREITER, 1977) , we confirmed their uniform distribution at regular intervals.
In conclusion, SEM of the osseous cochlea provides us with useful information for the understanding of the cochlear functions in relation to the soft tissue covering the bone surface. Each structural compo-nent of the osseous cochlea, which is demonstrated here, may invite further investigations into its functional meanings concerning the complex hearing mechanism, and associated functions of the cochlea.
